The conducting polymers, poly-o-chloroaniline and poly-o-aminobenzoic acid have been synthesized from their monomers on steel surface by cyclic voltammetry method in aqueous oxalic acid solution containing different concentrations of Tween 80 surfactant. The polymers were characterized by scanning electron microscope SEM. Potentiodynamic polarization and electrochemical impedance spectroscopy EIS techniques have been used to investigate the corrosion behavior of the polymer coated steel electrodes in 0.5 M H 2 SO 4 solution. Effect of the surfactant on the electropolymerization process and the protection efficiency of the polymerized coat have been studied. Effect of substituent in the molecule of the monomer on the protection efficiency of the polymerized coat has been also studied.
Introduction
Carbon steel is the most important metal used in industry due to its excellent strong strength, low cost, ability to be recycled and good mechanical workability. However, steels have a major disadvantage in that they have low corrosion resistance. Our group of research is interesting in corrosion control of steel using inhibitors and coatings. Five categories of inhibitors were investigated in our laboratory using chemical and electrochemical techniques to clarify and discuss their inhibition characteristics and adsorption mechanisms on the steel surface in acid solutions. These five categories are: 1) simple and synthetic organic compounds [1, 2] ; 2) chelating agents [2] ; 3) plant extracts [3] ; 4) surfactants [4] and 5) silver nanoparticles [5] .
Surfactants have a great influence on the growth of crystals and have the ability to alter crystallization kinetics [6] . This property can be efficiently used to produce coatings with desirable properties. A conversion coating is the most effective method to prevent corrosion of steel in a wide range of applications [7] [8] [9] . Recently, we investigated the effect of Tween 80 surfactant on the corrosion resistance of Zn-phosphated steel using potentiodynamic polarization, electrochemical impedance spectroscopy, SEM and EDX analysis techniques [10] . Electrochemical results indicated that the presence of 0.01 M Tween 80 in the coating solution caused a decrease in the porosity and an increase of the protection efficiency of the coat up to 90%. The results proved that the coating process was controlled by adsorption of the surfactant molecules on the steel surface. SEM studies and EDX analysis gave very good support to the electrochemical data.
Several research groups studied the electrochemical synthesis of conducting polymer coatings on oxidizable metals for corrosion protection purposes [11] [12] [13] [14] [15] [16] [17] . We studied the effect of Tween 80 surfactant on the electropolymerization and corrosion performance of polyaniline on steel [18] . The cyclic voltametric results indicated that the presence of Tween 80 surfactant in the polymerization medium of polyaniline leads to the inhibition of the oxidation of each of steel and aniline. The potentiodynamic polarization and electrochemical impedance results of polyaniline coated steel in 0.5 M H 2 SO 4 solution indicated that the protection efficiency of the polymer coat to corrosion increase to about 80% at 0.05 M Tween 80.
The electrochemical polymerization of aniline and metanilic acid in aqueous perchloric acid leads to the formation of a copolymer similar to that obtained by direct sulfonation of polyaniline. Characterization by electrochemical methods indicated the presence of polyaniline linear chains in which metanilic acid units were inserted as spacers [19] .
In this work, two polyaniline derivatives conducting polymers have been synthesized from o-chloroaniline and o-aminobenzoic acid monomers on carbon steel surface by cyclic voltammetry method in aqueous oxalic acid solution containing different concentrations of Tween 80 surfactant. Characterization of coatings was carried out by scanning electron microscope SEM. Corrosion behavior of the polymer coated steel electrodes was investigated in 0.5 M H 2 SO 4 solution using potentiodynamic polarization and electrochemical impedance spectroscopy techniques. The aim of the work is to: 1) throw more light on the role of the surfactant in the electropolymerization process and 2) investigate the effect of substituent in the monomer molecule on the formation of the polymerized coat.
Experimental

Chemicals and Apparatus
o-Chloroaniline, o-aminobenzoic acid, oxalic acid and sulfuric acid used in this study were all purchased from Sigma Chemical company and used without any further purifications. All electrochemical polymerization experiments were performed in aqueous solution of aniline derivatives. Electrosynthesis and electrochemical studies were carried out in a three electrode system with steel as working electrode, platinum sheet was used as counter electrode and saturated calomel electrode (SCE) as reference electrode. The working electrode was constructed from a steel rod of 0.6 cm diameter with chemical composition (wt%): C 0.21; S 0.04; Mn 2.5; P 0.04; Si 0.35; balance Fe. Prior to each experiment the working electrode was polished using a series of emery papers (300, 800 and 1000 grades) and cleaned with distilled water and ethanol and then dried in air. ACM 604 Potentiostat instrument were used for electrochemical synthesis and corrosion performance studies. The analysis of impedance spectra were performed by ZSimpWin program by fitting the experimental data to the appropriate equivalent circuit.
Synthesis of aniline derivatives polymers
The poly(o-chloroaniline) and poly(o-aminobenzoic acid) coatings were synthesized by electropolymerization of o-chloroaniline and o-aminobenzoic acid on steel substrate from aqueous solutions containing 0.3 M oxalic acid in the absence and presence of different concentrations of Tween 80 surfactant using cyclic voltammetry technique in the potential range 300 to 1200 mV vs SCE at scan rate 10 mV s -1 over 10 cycles. Prior to the cyclic voltammetry scan, linear sweep voltametry from -500 to +300 mV vs SCE at 4 mV/s was carried out in order to passivate the steel substrate. After electrodeposition of polyaniline derivatives on steel substrate, the polymer coated substrates were removed from the electropolymerization medium and rinsed with double distilled water to remove monomer molecules and dried in air.
Characterization of polyaniline derivatives coats
The morphologies of the coat polymers were investigated by Scanning Electron Microscope SEM using a JOEL instrument.
Corrosion performance measurements
Corrosion performance of coated and uncoated steel electrodes were carried out in aqueous solutions of 0.5 M H 2 SO 4 by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements. The polarization curves were recorded by changing the potential between -300 and +300 mV around the rest potential with scan rate 30 mV s -1 . The frequency range of impedance technique is 30000 to 0.1 Hz using AC with amplitude of 5 mV.
Preparation of Solutions
The acids used in this study are of analytical grade (Aldrich Chemicals) 98% H 2 SO 4 and 99% oxalic acid. The o-chloroaniline (99%) and o-aminobenzoic acid (99%) were used without purification. TW 80 surfactant was obtained from Alpha Chemika with molecular weight 1310 g/mol and its molecular structure is given in Figure 1 . The anticorrosion properties of the formed coats were evaluated in 0.5 M H 2 SO 4 as a corrosive medium, by adding 10 ml of 5 M H 2 SO 4 and complete the volume to 100 ml with double distilled water.
Results and Discussion
A. Effect of Tween 80 surfactant on the Oxidation of Steel and the Monomers a. Electropolymerization of the monomers in presence of Tween 80
Cyclic voltammograms were recorded for both 0.1 M o-chloroaniline and 0.005 M oaminobenzoic acid in 0.3 M oxalic acid. The cyclic voltammetry were carried out in the presence of TW 80 as surfactant for 10 cycles at scan rate 10 mV/sec. The first cycle voltammograms of steel during electropolymerization of each of o-chloroaniline ( Figure  2a ) and o-aminobenzoic acid (Figure 2b ) in 0.3 M oxalic acid, in absence of the surfactant, are characterized by a large peak at 125 mV and 150 mV respectively. This peak mainly corresponds to the oxidation of steel. The dependence of potential of this peak on the molecular structure of the monomer molecule can be discussed on the basis that the monomer acts as inhibitor for dissolution of steel, and the kind of the substituted group in the monomer molecule affects its adsorbability at the steel/solution interface. However, in presence of TW 80 surfactant, the potential of this peak shifts to more anodic values and its height decreases with increasing concentration of the surfactant. This behavior can be attributed to the adsorption of TW 80 molecules at the steel/solution interface which inhibit the oxidation of steel. The inhibition efficiency of Tween 80 is calculated using the equation [18] :
Where; i a0 and i a are the anodic currents of the dissolution of steel in the absence and presence of certain concentration of the surfactant. It is clear that increasing concentration of Tween 80 in the medium of electropolymerization leads to a decrease of the height of the peak and an increase of the percentage inhibition of the surfactant giving a plateau at high concentrations where is a saturation of the surface of steel with surfactant molecules. The results show that Langmuir adsorption isotherm which is given by the following equation [18] best fits the experimental results.
c. Adsorption of Tween 80 at the steel/solution interface
Where C is the concentration of TW 80, K the binding constant and θ is the surface coverage by surfactant molecules. The fitting of Langmuir isotherm indicates that the adsorption process of the surfactant molecules on the steel surface is ideal and there is no mutual interaction between its molecules. The binding constant K is related to the standard free energy of adsorption of Tween 80 on the molecular structure of the monomer is probably due to the co-adsorption of monomer with the surfactant at the steel solution interface. Aniline derivatives are protonated in presence of 0.3 M oxalic acid in electropolymerization medium. Several authors [5, 21, 22] reported that the protonated aniline derivatives are adsorbed at the steel surface through bridge of counter anions (oxalate anion in this case). Figure 6a ,b shows that the presence of TW 80, during the electropolymerization process of each of o-chloroaniline and o-aminobenzoic acid affects both the cathodic and anodic polarization curves, indicating that the polymer coats block both the cathodic and anodic areas and inhibit the partial corrosion reactions. The values of the corrosion current density (i corr ) were determined by the extrapolation of cathodic and anodic Tafel lines to the corrosion potential (E corr ) and represented in Tables 1a,b .
Inspection of
Data in Tables 1a,b show that the corrosion current density (icorr) decreases, and the protection efficiency of the coat (% P) increases as the concentration of TW 80 is increased. % P is calculated using the equation (1). b. Electrochemical Impedance Spectroscopy results Figure 7 shows the Nyquist plots of coated steel (formed in oxalic acid and measured in 0.5 M H 2 SO 4 solution) in the absence and presence of different concentrations of TW 80 surfactant during the electropolymerization process. These plots manifested only one depressed capacitive semicircle, and the diameter of the semicircle increases with increasing the surfactant concentration. The impedance spectra for different Nyquist plots were analyzed by fitting the experimental data using ZSimpWin program to a simple equivalent circuit model [18] . The values of the electrochemical parameters and the protection efficiency (% P) of the coat which polymerized in presence of different TW 80 concentrations are given in Tables 2a,b. The protection efficiency of the coats (% P) was calculated from impedance measurements using the following relation [18] :
Where; R ct0 and R ct are the charge transfer resistances in the absence and presence of different concentrations of TW 80. The data in the tables show that the values of each of R ct and % P increase with increasing the concentration of TW 80; however, the capacity value of the electrical double layer C dl decreases with increasing the concentration of the surfactant. These phenomena are probably due to the increase of the thickness and compactness of the coat film with increasing the concentration of TW 80 in the medium of electropolymerization process. Figure 8 shows the variation of the protection efficiency of the polymer coats for the corrosion of steel with the concentration of TW 80 surfactant. It is clear that the coats of the polymers of the substituted compounds (o-chloroaniline and o-aminobenzoic acid) have high protection efficiency than the polyaniline coat itself. This behavior can be discussed on the basis that both the substituent groups (carboxylic and chloro), are electron withdrawing and decrease the electron density on the amine group of the aniline molecule. 
c. SEM results
